Abstract Lipids play multiple roles essential for proper mitochondrial function, from their involvement in membrane structure and fluidity, cellular energy storage, and signaling. Lipids are also major targets for reactive species, and their peroxidation byproducts themselves mediate further damage. Thousands of lipid species, from multiple classes and categories, are involved in these processes, suggesting lipid quantitative and structural analysis can help provide a better understanding of mitochondrial physiological status. Due to the diversity of lipids that contribute to and reflect mitochondrial function, analytical methods should ideally cover a wide range of lipid classes, and yield both quantitative and structural information. We developed a high resolution LC-MS method that is able to monitor the major lipid classes found in biospecimens (i.e. biofluids, cells and tissues) with relative quantitation in an efficient, sensitive, and robust manner while also characterizing individual lipid side-chains, by all ion high energy collisional dissociation fragmentation and chromatographic alignment. This method was used to profile the liver mitochondrial lipids from 192 rats undergoing a dietary macronutrient study in which changes in mitochondria function are related to changes in the major fat and glycemic index component of each diet. A total of 381 unique lipids, spanning 5 of the major LIPID MAPS defined categories, including fatty acyls, glycerophospholipids, glycerolipids, sphingolipids and prenols, were identified in mitochondria using the non-targeted LC-MS analysis in both positive and negative mode. The intention of this report is to show the breadth of this non-targeted LC-MS profiling method with regards to its ability to profile, identify and characterize the mitochondrial lipidome and the details of this will be discussed.
Introduction
Mitochondrial lipids are central to maintaining normal mitochondrial function at all levels, ranging from the regulation of respiratory chain activity (Barzanti et al. 1994; Lenaz 1988) , to the membrane structural composition (Kiebish et al. 2009 ). Furthermore, many lipids, especially those containing unsaturated fatty acids, are sensitive to peroxidative damage under pathophysiological conditions, such as chronic disease and acute injury, and the byproducts of lipid peroxidation are themselves reactive and potentially toxic (Esterbauer et al. 1991; Stavrovskaya et al. 2010; Kristal et al. 1996 Kristal et al. , 2001 Burke et al. 1998; Land et al. 2004; Lenaz 1988; McKenzie et al. 2004 ). Peroxidation has also been shown to be a major determinant of membrane fluidity in mitochondrial membranes (Chen and Yu 1994) . The analytical method used to assess the composition of the mitochondrial lipidome must be qualitatively and quantitatively accurate across the inherent diversity of lipids in terms of structural class, fatty acyl (FA) side chain differences and overall lipid concentration.
Methods used to analyze mitochondrial lipids have often been targeted and non-specific, measuring the composition of one specific class at a time and ignoring the inherent diversity due to acyl side-chain composition. Analysis by thin layer chromatography (TLC), gas chromatography (GC) or liquid chromatography (LC) are effective in determining the quantitative value of different lipid classes in a sample, e.g. the total amount of phosphatidylcholine (PC) present versus the amount of phosphatidylethanolamine (PE), however, the inherent diversity within the lipid class is lost. This intra-class diversity lies in the lipid sidechains, i.e., fatty acids. These fatty acid side chains can vary in the length of the acyl chain, in the degree of unsaturation (number of double bonds), and in the position of the double bonds. Each of these aspects is both structurally and functionally important, and thus is critical for understanding the lipidome and its interactions with mitochondrial physiology. Analytical methods have been developed that utilize class separation via TLC followed by hydrolysis to the free FA, derivatization and subsequent separation detection by GC-mass spectrometry (MS). However, this method is insensitive, requiring large amounts of starting material; the method is also timeconsuming and limiting in that the origin of the side-chains are still unknown. The application of electrospray ionization-MS methods to mitochondrial lipid analysis can be used to eliminate most of the previously mentioned drawbacks and allow for a more complete picture of the lipidome to be discerned (Bou Khalil et al. 2009 ).
MS-based lipidomic profiling methods vary in the degree of analytical bias toward a lipid class, set of classes or individual species, based on the goal of the study . Any of these methods can both be used either with or without chromatographic separation prior to detection, with the latter termed shotgun lipidomics (Ejsing et al. 2006 (Ejsing et al. , 2009 Gross 2003, 2005; Han et al. , 2006 . Targeted methods, focus analysis on one or more pre-determined lipids or lipids classes, and optimize the platform, sample preparation, separation (if used) and detection, only for these specific analytes. These methods are both sensitive and informative, but they are inherently limited in that they can only measure the specific lipid(s) originally decided to be of known importance to the study (Dennis 2009 ). In a study where all lipid species are of potential biological importance, the most comprehensive measurement of a lipidome from a single analysis would require a non-targeted profiling approach, in which no deliberate bias is given toward any of the eight lipid categories established and defined by LIPID MAPS (www.lipidmaps.org) (Bird et al. 2011a, b; Fahy et al. 2005 Fahy et al. , 2007 .
Non-targeted LC-MS lipidomics profiling ideally yields comprehensive, quantitative and reproducible analytical data in an efficient and robust manner from any given biological sample. These approaches have been used to achieved differential lipid relative quantitation, identification and characterization in different biospecimen such as, mouse plasma (Hu et al. 2008) , human plasma (Pietilainen et al. 2007 ), rat mitochondria (Bird et al. 2011a ) and rat serum (Bird et al. 2011b ). An advantage of discovery-based non-targeted LC-MS profiling is the ability to re-analyze experiments when neither the biological importance nor the overall lipidome complexity is completely understood prior to analysis.
In addition to quantitative profiling, lipid characterization is an important aspect of non-targeted analysis. LC-MS combined with high energy collisional dissociation (HCD) all ion fragmentation can characterize unknowns in complex mixtures by using different energies to yield both class specific and lipid specific diagnostic fragments (Bird et al. 2011a, b) . HCD is performed in a multipole collision cell attached to the c-trap of an Orbitrap MS. This cell provides triple quadrupole like fragments on all ions that enter the c-trap without a low molecular weight cutoff observed in conventional ion-traps. The ability to generate fragmentation data from all ions in the analysis is especially beneficial in a non-targeted study and this advantage, combined with the ability to easily re-analyze the spectra, make this approach applicable to numerous sample types and organisms where a broad-based survey of the lipidome is required.
We used an LC method with high resolution accurate mass MS detection combined with HCD fragmentation (Bird et al. 2011a ) to profile the liver mitochondrial lipids from 192 rats undergoing a dietary macronutrient study in which changes in mitochondria function are related to changes in the major fat and glycemic index component of each diet. In the analytical study, a focus was placed on the characterization of the mitochondrial lipid, cardiolipin and the remaining species were only mentioned in passing. Herein we will describe the 381 unique lipids, from five of the major LIPID MAPS defined categories, which were identified from those original LC-MS profiling experiment in both positive and negative ionization mode. Total lipidome coverage and the possible implications each species can have on mitochondrial function will be discussed.
Materials and methods

Chemicals
LC-MS grade acetonitrile (ACN), methanol (MeOH), and isopropanol (IPA), as well as HPLC grade dichloromethane (DCM) and dimethyl sulfoxide (DMSO), were purchased from Fisher Scientific (Pittsburg, PA) and ammonium formate was purchased from Sigma-Aldrich (St. Louis, MO). A detailed list all lipid standards purchased as well as S68 S. S. Bird et al. their abbreviations, preparation conditions and vendor sources can be found in the supplemental information of our previously published method (Bird et al. 2011a ).
Preparation of lipid standards
Stock solutions were prepared by dissolving lipid standards in DCM:MeOH (2:1 v/v) at concentrations ranging from 1 to 10 mg/mL and were stored at -20°C. Working solutions were diluted in ACN/IPA/H 2 O (65:30:5 v/v/v) to 1 lg/mL prior to spiking studies or LC-MS analysis.
Dietary study
Male Fisher 344 9 Brown Norway F 1 (FBNF1) rats (n = 8), aged 7-9 weeks, were fed ad libitum one of 24 isocaloric diets that differed in fat and carbohydrate composition. This approach yielded a total of 192 animals in the study. The diets were comprised of six different fat groups, with the major constituent of each being either saturated fats (SFAs), trans fats (Trans), monounsaturated fats (MUFAs), or one of three groups of polyunsaturated fats (PUFAs), which vary in the x-6/x-3 PUFA ratios. Each type of fat was combined with one of four carbohydrate groups that varied based on sucrose content. The fat, carbohydrate and protein percentages in all diets were held consistent at 5, 66, and 20 (w/w), equivalent to 12, 68, and 21 (kcal%). Body weights and food composition were measured twice a week and rats were sacrificed after 8 weeks. Details of their husbandry and diets are not critical for the current report and will be presented elsewhere (manuscripts in preparation).
Liver mitochondria isolation
After the animals were sacrificed, each rat liver was harvested and the mitochondria isolated by the standard differential centrifugation method, using sucrose-based buffers, as described previously (Stavrovskaya et al. 2004) . Mitochondrial protein concentration was determined by the Lowry method using BSA as a standard (Lowry et al. 1951) . Sample aliquots containing 1 mg of protein from mitochondria were washed in 125 mM KCl, 10 mM HEPES, pH 7.4 buffer and frozen as dry pellets at -80°C before analysis. Secondary gradient purification was not performed, so some contamination with non-mitochondrial lipids is likely (see ''Results and discussion'').
Mitochondrial lipid extraction
Immediately before extraction, each aliquot of mitochondria (containing 1 mg of protein) was dissolved in 40 lL DMSO and the membranes were disrupted by sonication. A mitochondrial pool sample was created by combining 8 lL samples from the sonicated mitochondria of each rat (n = 192). The pool samples were processed for quality control (QC) and lipid identification studies. Lipids were extracted according to the method of Bligh and Dyer (Bligh and Dyer 1959) , substituting DCM for chloroform (Cequier-Sanchez et al. 2008) as described previously (Bird et al. 2011a) . First, 30 lL of internal standard, which consisted of 1,1 0 ,2,2 0 -tertraoleoyl cardiolipin (CL(18:1) 4 ), 1,2-diheptadecanoyl-sn-glycero-3-phosphocholine (PC(17:0/ 17:0)), 1,2-dimyristoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] (PG(14:0/14:0)), 1-O-Hexadecyl-sn-glycero-3-phosphocholine (lysoPC(16:0)) and 1,2-dipalmitoyl-sn-glycero-3-phospho-Lserine (PS(16:0/16:0)), each at the concentration of 5 lg/mL, was added to each 30 lL sample, followed by 190 lL of MeOH. Next, 380 lL of DCM was added, the sample was again vortexed for 20 s and 120 lL of water was added to induce phase separation. The samples were then vortexed for 10 s and allowed to equilibrate at room temperature for 10 min before centrifugation at 8,0009g for 10 min at 10°C. A total of 370 lL of the lower lipid-rich DCM layer was then collected and the solvent evaporated to dryness under vacuum. Samples were reconstituted in 300 lL of ACN/IPA/ H 2 O (65:30:5 v/v/v) containing PG (17:0/17:0) at a concentration of 5 lg/mL before LC-MS analysis. Ten microliter of sample was injected onto the LC-MS system.
LC-MS conditions, SIEVE analysis and lipid identification
Details of the LC-MS method and SIEVE analysis have been described previously (Bird et al. 2011a, b) . Briefly, lipid extracts were separated on an Ascentis Express C 18 2.1 9 150 mm 2.7 lm column (Sigma-Aldrich, St. Louis, MO) connected to a Thermo Fisher Scientific PAL autosampler, Accela quaternary HPLC pump and an Exactive benchtop Orbitrap mass spectrometer (Thermo Fisher Scientific, San Jose, CA) equipped with a heated electrospray ionization (HESI) probe. Separations ran for 30 min with mobile phase A and B consisting of 60:40 water:ACN in 10 mM ammonium formate and 0.1% formic acid and 90:10 IPA:ACN also with 10 mM ammonium formate and 0.1% formic acid, respectively. The gradient started at 32% B for 1.5 min; from 1.5 to 4 min increase to 45% B, from 4 to 5 min increase to 52% B, from 5 to 8 min to 58% B, from 8 to 11 min to 66% B, from 11 to 14 min to 70% B, from 14 to 18 min to 75% B, from 18 to 21 min to 97% B, during 21 to 25 min 97% B is maintained; from 25-30 min solvent B was decreased to 32% and then maintained. The column oven temperature was maintained at 45°C and the temperature of the autosampler was set to 4°C. The same LC conditions and buffers were used for all MS experiments with the flow rate was 260 lL/min and the scan range was between m/z 120 and 2,000.
The spray voltage was set to 3.5 kV, whereas the heated capillary and the HESI probe were held at 250 and 350°C, respectively. The sheath gas flow was set to 25 units and the auxiliary gas set to 15 units. These conditions were held constant for both positive and negative ionization mode acquisitions. The instrument was tuned by direct infusion of PG (17:0/17:0) in both positive and negative mode and external mass calibration was performed using the standard calibration mixture and protocol from ThermoFisher approximately every 5 days.
For full scan profiling experiments, the MS was run in high resolution mode, corresponding to a resolution of 60k and a 2 Hz scan speed. Mitochondria were profiled by injecting each sample once, in randomized order, with 17 pool samples, 17 blanks and 5 biological standard mixture (Bird et al. 2011a ) (BIOSTD) samples spread throughout the analysis. This sample sequence yielded a total of 231 injections, each of which was run separately in positive and negative modes.
For lipid identification studies, HCD experiments were run on the pool, BIOSTD and blank samples only. These experiments were performed by alternating between full scan acquisitions and HCD scans, both run at 2 Hz. Three different HCD energies, 30, 60 and 100 eV, were used in separate experiments in both positive and negative mode.
All LC-MS profiling samples were analyzed using the MS label free differential analysis software package SIEVE v 1.3 (Thermo Fisher Scientific and Vast Scientific, Cambridge, MA). The framing parameters in these experiments were set at 0.01 Daltons for the m/z window and 1.00 min for the RT window; 1000 was used at the intensity threshold. A pool from the middle of the 231 sample sequence was used as a qualitative reference and for relative quantitation, and frames built off the reference were then applied to all samples in the experiment.
For lipid identifications, the frame m/z values were used to do batch searches on the Metlin database (Smith et al. 2005) , the human metabolome database (Wishart et al. 2009 ) (HMDB) and the LIPID MAPS database (Fahy et al. 2007 ) and those matches were confirmed using the molecules exact mass observed during the analysis, RT regions based on the BIOSTD elution times run throughout and HCD fragmentation. The details of these identifications are expanded in the results and discussion.
Results and discussion
The mitochondria used for this study were isolated from rat liver immediately upon sacrifice using standard differential centrifugation approaches optimized for function rather than biochemical analysis (Stavrovskaya et al. 2004 ). These mitochondria displayed coupled respiration with both complex I and II substrates, as well as, developed and maintained membrane potential, transported calcium, and underwent a permeability transition upon calcium overload (data not shown). While not gradient purified, analysis of equivalent preparation suggest [95% purity (Krasnikov et al. 2005) . All lipids identified are thus likely primarily attributed to the mitochondrial fraction.
One important aspect of a successful non-targeted LC-MS lipidomic profiling method is its ability to simultaneously profile multiple classes and categories of lipids in a robust manner. The two representative mitochondrial pool total ion chromatograms (TICs) shown in Fig. 1 demonstrate the breadth of which the LC-MS method employed can cover lipids from 5 LIPID MAPS categories when used in both positive and negative ionization mode. This coverage is expanded in Table 1 , where the number of unique lipids from each category is defined by the class of lipids identified in our mitochondrial samples, as well as the ionization mode in which they are detected and by what adduct they are observed. Although five categories are seen here, this does not limit the profiling method to only these species. In other biofluids, six categories which include these five plus sterols have been observed; however, none were detected in this study. Table 1 reveals a total of 381 unique lipids identified using this non-targeted profiling technique. Details regarding the inter-category diversity, quantitative precision of the analysis, as well as, the qualitative importance of each class of lipid on proper mitochondrial function will now be described.
Prenol lipids
The coenzyme Q (CoQ, also known as the ubiquinones) species are a class of prenol lipids that contain a varying number of isoprene units, normally 6-10, attached to a quinoid core (Crane 2007) . They exist in three redox states, as shown in Fig. 2 and CoQ 9 and CoQ 10 play a central role in electron transport during cellular respiration in rats and humans, respectively (Lenaz et al. 2007 ). Studies have suggested that only the CoQ 9 and CoQ 10 species are found in mammals, with the CoQ 9 species predominantly being observed in rodents (Lenaz et al. 2007) . The detection of these species is predominantly done using either LC with electrochemical detection or LC-MS in a targeted multiple reaction monitoring assay (Andreyev et al. 2010) .
Using a non-targeted LC-MS profiling method we were able to identify and monitor CoQ 10 , CoQ 9 and CoQ 8 in our rat liver mitochondrial samples. Identifications were made based off of exact mass database searches and confirmed by matching extracted ion chromatogram (XIC) retention times to that of the CoQ 10 species found in our BIOSTD. Using this assay, we are monitoring the fully oxidized ubiquinone compounds and during HCD fragmentation, these species give a diagnostic loss of the protonated head group, observed at m/z 197.0808, in positive ion mode. This fragment is shown in Fig. 2 and is observed at all 3 HCD energies examined. In the mitochondrial pool samples injected over the course of the 5 day analysis, the mean intensity showed a median coefficient of variance (CV), calculated from raw peak areas, of less than 5% (n = 8) for the three species observed. Analysis based on the mean intensity across the pools suggests that the CoQ 9 / CoQ 10 and CoQ 9 /CoQ 8 ratios were 11-1 and 17-1 respectively, indicating a larger pool of CoQ 9 across the animals in this study. These results agree with the previous studies regarding the distribution of ubiquinones in rat and human tissues (Aberg et al. 1992; Lang and Packer 1987) .
Fatty acyls and metabolites
Fatty acyls are long chain carboxylic acids usually derived from triacylglycerides and glycerophospholipids to be used for fuel. These species produce large quantities of ATP, in addition to forming primary metabolites used in numerous cellular processes. The detection of FAs is predominantly done using derivatization and GC-MS analysis. This method provides efficient separation between saturated and unsaturated fatty acids of different chain lengths as well as between most positional isomers (Quehenberger et al. 2011) .
Despite being readily detected on this LC-MS platform, free FAs were not observed in our liver mitochondria study and merely seven unique lipids were identified and classified to fall under the FA LIPID MAPS category. These species include a branched FA, two octadecanoid species, one acyl amide and three acyl carnitines. These compounds are demonstrated in Table 2 , as well as their retention time, mass error [given in parts per million (ppm)] and their mean intensities and CVs across the pools (n = 8). The CV values were calculated from the raw peak areas established by SIEVE. Although the free FAs are not observed, the detection of some peroxidation metabolites, and acyl carnitines provide insight into the physiological state of the mitochondria regarding fatty acid metabolism and b-oxidation (Bhuiyan et al. 1992 ). Both octadecanoids observed, are common byproducts of ROS, consistent with mitochondrial roles as both a source and target for ROS. Additionally, acyl carnitines, which are commonly monitored in plasma due to their ability to cross the mitochondrial and cell membranes, have relatively stable concentrations and can easily reflect the intramitochondrial acyl-CoA status (Millington and Stevens 2011) . The lack of additional acyl carnitine species in mitochondria was unexpected, and most likely reflects on the lower concentration of these species in the samples as opposed to an analytical bias of the platform. Based on ongoing work in our laboratory, we currently believe that this is a feature of the biological model studied. The ability to monitor these The class and subclass breakdown of the 281 lipids identified are shown as well as the ionization mode used and main adduct that was observed a Defined as having a unique mass and retention time pair that represents a distinct species. Those species that are observed in both ionization modes are only counted once molecules provides valuable information regarding mitochondrial oxidative stress and energy production.
Sphingolipids
Sphingolipids (SL) are primarily defined by their eighteen carbon amino-alcohol backbone, and modifications to this basic structure can produce a family of lipids that play roles in mitochondrial membrane biology, cellular apoptosis and the induction of ROSs (Monette et al. 2010; Di Paola et al. 2000; Gudz et al. 1997) . Different SL classes, structurally characterized by different head-groups and acyl chain lengths, can have opposing actions on cell function (Monette et al. 2010 ). For example, ceramides (cer) promote apoptosis whereas sphingosine-1-phosphate induces cellular survival (Hannun and Obeid 2002) . Furthermore, the incorporation of different acyl chains onto the SL backbones can additionally alter the mitochondrial function of these lipid classes, making the specific characterization of each FA side-chain essential. Using our LC-MS profiling method, we were able to identify 22 unique Cer species, 6 SM, and 4 gangliosides (Gan) in rat liver mitochondria. The majority of the Cers observed, 20 out of 22, were seen primarily in negative ion mode, and 8 species were observed in both positive and negative profiling experiments. Due to the increased signal in negative ion mode, the HCD characterization of the Cer lipid acyl side-chains was based on the negative ion neutral loss (NL) of the sphingoid base from the molecule. This loss provides a diagnostic fragment that confirms whether a sphingosine (d18:1) or sphinganine (d18:0) chain was present, which in turn would allow the composition of the n-acyl group to be determined. An example of this is shown in Fig. 3 , where the XIC of the parent ion for unknown Cer with m/z 694.6365, representing the [M?Formic Acid]-adduct ion Each FA was identified by exact mass matching in the HMDB. The table outlines the RT, m/z value observed, mass error, intensity and CV (calculated from raw peak areas) for the seven fatty acyl lipids identified in mitochondria. The error and CVs show the specificity and repeatability of the analysis platform . This suggests the species to be characterized as Cer (d18:0/ 24:1). This fragmentation scheme was applied to all 20 unique Cer identified using negative ion profiling and 17 showed this type of fragmentation, with the remaining 3 having intensities too low to discern. These data suggest that many Cer incorporated into liver mitochondria contain a sphinganine base as opposed to the sphingosine. In mitochondria, Cer are known to promote apoptosis, and recent studies have shown that Cer with the sphingosine sphingoid base are far more potent than those with sphinganine moiety (Ardail et al. 2001) . In terms of the study herein, we would expect healthy animals to have a lower pool of these pro-apoptotic species and the larger incorporation of the lesser potent molecules. In contrast, there are eight Cer that are observed in both positive and negative ion mode, confirmed by exact mass and RT matches. When these species undergo HCD fragmentation in positive mode, the representative m/z 264.2679 established by LIPID MAPS to produce the sphingosine fragmentation is clearly observed (Sullards et al. 2007 ). This observation leaves the interpretation of the data on these compounds to be ambiguous. Further experiments with standards will be necessary to completely discern the fragmentations and fully characterize these species beyond exact mass matching, but, even with this limitation, our method has provided biologically relevant information regarding mitochondrial Cer distribution and quantitation. Table 3 provides an overview of the 32 SLs determined, presenting the details which were just discussed as well as the SMs and Gans which were also only identified via exact mass. This table includes each species, the ionization mode(s) in which it was observed, the m/z observed, the mass error, mean intensity and CV across the pools (n = 8). The CV values were calculated from the raw peak areas established by SIEVE.
Glycerolipids
The glycerolipids (GL) class is mainly comprised of three subclasses, the monoacylglycerols (MGs), diacylglycerols (DG) and triacylglycerols (TGs); these three groups differ by the number of acyl chains connected to the primary backbone. The acyl group composition of these species, especially the TGs, can be very diverse and the chemical properties associated with each side-chain (i.e. chain length and degree of saturation) greatly affect the biological properties of the molecules. In the cell, TGs are stored energy and they are metabolized to free fatty acids used during b-oxidation in mitochondria.
We have previously demonstrated that the LC-MS profiling and HCD fragmentation methods employed can be used to profile a greater number of TGs than targeted methods in rat serum, and that these methods provide individual acyl side-chain compositions in a sensitive and robust manner (Bird et al. 2011b ). The HCD fragmentations were chromatographically aligned with the parent ion, as shown for Cer in Fig. 3 , to structurally assign the acyl side-chains to each molecule where the signal was great enough to determine the fragments. This method, applied to the mitochondria samples, yielded 45 unique TG species, 41 of which are fully characterized. The subjectivity of the chromatographic alignment can cause problems when assessing a large pool of species which elute over a short period of time, such as with the TGs and this is the reason all TGs are not characterized in this study. The identified mitochondrial TGs are shown in Table 4 , including each individual lipid mass, error, average intensity and CV from the pool (n = 8). The MG and DG molecules present in mitochondria where only identified using exact mass, and are shown in Table 5 providing the same statistics as for the TGs, which highlight the accuracy and reproducibility of the method.
Glycerolphospholipids
Glycerolphospholipids (PL) were once regarded as merely structurally important species, providing only membrane integrity, which greatly underestimates the importance these species play in maintaining proper mitochondrial function. PLs are now known to participate in important mitochondrial processes that extend to cell signaling, bioenergetics, protein transport and apoptosis (Osman et al. 2011) . Additionally, observations regarding changes to mitochondrial PL levels have been linked to human disease states (Chicco and Sparagna 2007) indicating that these species are tightly regulated and that changes to this composition, either in concentration or structural make-up, are not well tolerated.
Generally, changes to PLs are assessed by aggregate amount, meaning the total of each subclass, such as phosphocholine (PC) or phosphoethanolamine (PE), found in the sample. This method is limiting in that it ignores the inherent diversity of each aggregate pool and assumes each lipid in those subclasses is regulated in the same way. Additionally, as was displayed in the TG analysis, the FA side-chain composition can be quite varied and changes to those side-chains may be related to biological function. Monitoring lipids with that level of specificity can provide more information regarding mitochondrial PL regulation and proper mitochondrial function.
All PL species were identified and characterized using exact mass profiling and HCD fragmentation to cleave the respectively. Chromatographic alignment of these masses, as well as the other possibilities which could comprise this PC are also shown in Fig. 4 , where only the fragments for 18:0 and 20:4 were aligned with the parent. This characterization method was applied to all PLs identified in mitochondria, and just like with the TGs only a percentage of the total PLs were characterized. This is often due to chromatographic overlap of high and low abundance PLs, which causes the fragment alignment for the low abundant peaks to be indistinguishable from the high abundant species. At times when the FA side-chains are unable to be The 31 total sphingolipids identified in mitochondria via exact mass matches in HMDB and Metlin databases are shown with the observed variation across the pools (calculated from the raw peak areas established by SIEVE) and separated into Cer, SM, Gan subclasses
Qualitative characterization of the rat liver mitochondrial lipidome S75 The 43 TGs identified in mitochondria and their statistics across the pools, calculated from raw peak area values are highlighted. 4 TGs were identified via exact mass matching, shown by giving the total number of carbon and double bonds in the molecule, e.g., TG 51:1, which the remaining 39 were characterized via HCD fragmentation and chromatographic alignment as explained in the text S76 S. S. Bird et al. The MG and DG glycerolipids identified in mitochondria by exact mass matching and their statistics across the pools, calculated from raw peak areas are highlighted characterized via HCD fragmentation, the lipids are distinguished by their total acyl carbon and double bonds as calculated from exact mass matches. Using the LC-MS profiling method described, 289 unique species from 11 PL subclasses are observed. This number represents approximately 75% of the total lipids that have been presently identified in this mitochondrial study. The composition of the total PL pool is presented in Tables 6, 7 and 8 where all lipids from each subclass are highlighted. Due to the large number of species determined, the information regarding the ionization mode(s) in which they were observed, their exact mass, mass error, mean intensity and CV (n = 8) are presented in subsequent charts in the supplemental information. The cardiolipin (CL) and monolysocardiolipin (MLCL) species are not outlined in this table, as they have been characterized and discussed in detail elsewhere (Bird et al. 2011a) . Consistent with previous reports (Andreyev et al. 2010; Osman et al. 2011; Vance 2008) , the majority of the PLs were PCs, 43%, followed by PE at 26%, PG at 11%, CL at 10%, and PS and PI at 6 and 4%, respectively. 
Conclusion
The intention of this report is to show the extent to which our non-targeted LC-MS profiling method, with HCD, could profile, identify and characterize the mitochondrial lipidome. We present a full in depth analysis of the rat liver mitochondrial lipidome using both positive and negative ionization profiling. This analysis yielded a total of 381 unique lipid species across 5 LIPID MAPS categories with 236 characterized by FA side-chain using HCD fragmentation and chromatographic alignment. For a non-targeted analysis, this coverage is diverse and specific, providing lipid details that can be used to contribute to understanding of mitochondrial membrane function, oxidative stress, apoptosis, bioenergetics and cellular respiration. The data presented highlighted the use of all ion fragmentation and chromatographic alignment for characterization, showing times where the method falls short as in the case of the Cer and when it excels in providing information key to any biological analysis, as seen in the PL analysis. The key to this type of non-targeted study is to provide reproducible, robust and sensitive analytical results which can address a variety of biological questions in a single analysis. Additionally, all data acquired can be queried again as future questions arise. The sensitivity, specificity and robustness of this method suggests its application to other systems can provide discovery information necessary to answer biological questions unable to be studied by previous methodologies. Species that shown with their FA side-chains were identified using HCD fragmentation and chromatographic alignment in negative ion mode; the species that only show the total number of carbon:double bonds in the molecule, were identified via exact mass matching to one of the databases (HMDB, Metlin, LIPID MAPS) searched. PS species were only observed in negative mode, while all PI species were exact mass matched using positive ion mode
